The objective of this study is to numerically study flow and traffic exhaust dispersion in urban street canyons with different configurations to find out the urban-planning strategies to ease the air pollution. The Computational Fluid Dynamics (CFD) model used in this study-Open Source Field Operation and Manipulation (OpenFOAM) software package-was firstly validated against the wind-tunnel experiment data by using three different k-turbulence models. And then the patterns of flow and dispersion within three different kinds of street canyon configuration under the perpendicular approaching flow were numerically studied. The result showed that the width and height of building can dramatically affect the pollution level inside the street canyon. As the width or height of building increases, the pollution at the pedestrian level increases. And the asymmetric configuration (step-up or stepdown street canyon) could provide better ventilation. It is recommended to design a street canyon with nonuniform configurations. And the OpenFOAM software package can be used as a reliable tool to study flows and dispersions around buildings.
Introduction
Street canyon is a typical configuration of densely built urban areas, referring to a narrow street between buildings that line up continuously along both sides. It has a different climate where microscale meteorological processes dominate [1] . Air exchange between street level and the atmospheric wind above the roof level is limited inside the street canyon, and the near ground vehicular pollutant emissions are not effectively diluted and removed, which considerably deteriorates the pedestrian level air quality in the street canyon and imposes harmful impacts on the health of the city population. Thus, it is necessary to study how the pollutants are transported and distributed in the street canyons and find out some urbanplanning strategies to ease the air pollution inside the street canyon.
The primary methods to study the flow fields and pollutant dispersion within the street canyon include field measurements, laboratory physical experiments, and numerical simulation. Field measurements can offer lots of useful information on the flow fields and pollutant concentration distribution within the actual street canyons [2] [3] [4] . However, field measurements are limited by their low spatial resolution, high cost, and uncontrollable meteorological conditions [5] .
In addition to the field measurements and observations, the laboratory physical experiments (water tank or windtunnel experiments) have also been extensively applied to understand the complex flow and pollutant distribution patterns within street canyons under fully controllable upwind boundary conditions for airflow [6] [7] [8] [9] [10] [11] . However, the physical experiments provide data only for a few number of discrete measurement points.
Comparing with these two experimental methods mentioned above, the numerical simulation, a relatively economic approach, allows us to visualize the airflow and pollutant concentration fields where measurements are not available. It can provide more comprehensive information on the flow fields and pollutants dispersion within the street canyon, with high spatial and temporal resolutions. And the Computational Fluid Dynamics (CFD) models are now widely used to simulate airflow and pollutant dispersion in the street canyon [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, most of the previous CFD simulations of the street canyon are two-dimensional [12] [13] [14] [15] [16] [17] [18] : hence the accuracy of these simulations is limited. And most of the previous works focused on the symmetric street canyon and the effect of the street aspect ratio (i.e., ratio of the building height to the street canyon width), while the asymmetric street canyon and other factors of street canyon geometry were not fully recognized. The objective of this work is to find out some crucial parameters of street canyon, other than the street aspect ratio, which could be used to ease the pollution in the street canyon.
In this study, a three-dimensional CFD model was used to better understand the pollutant transport process and distribution patterns in the street canyons with three different kinds of configuration. The remainder of the paper is organized as follows. In Section 2, the CFD model was described and validated against wind-tunnel experimental data. In Section 3, the setup of numerical experiments of different street canyon configurations was given. And the results and discussions of the numerical experiments are then presented in Section 4, and finally the conclusions are given in Section 5.
Model Description and Validation
In this section, the CFD model used was described and then validated against the wind-tunnel experiments.
Model Description.
As CFD model, the Open Source Field Operation and Manipulation (OpenFOAM) software package version 2.1.1 was used. Further details on Open-FOAM can be found at http://www.openfoam.com/.
In this study, the simpleFoam solver, one stander solver of the OpenFOAM, was used to solve the Reynolds-averaged Navier-Stokes (RANS) equations with the k-turbulence model by using the SIMPLE scheme [24] . The SIMPLE scheme was an iterative method to solve the algebraic system of equations. A termination criterion of 10 −4 was used for all field variables here. And three k-turbulence models, including the standard k-model, the renormalization group Advances in Meteorology 3 (RNG) k-model [14] , and the realizable k-model [25] , were employed and validated against two independent windtunnel experiments of street canyon.
The RANS equations include mass equation, momentum equation, and mass transport equation, which are expressed by the following:
where is the th velocity component, is the pollutant concentration, and is the source term of the pollutant. In (2), ] eff and ] are the effective kinematic viscosity and diffusion coefficient, which are expressed as follows:
where ] and V are the molecular viscosity and turbulence viscosity, ct is the Schmidt number, and * is a modified mean kinematic pressure [26] .
For every numerical simulation case, the steady state of airflow fields was firstly calculated by using the iterative SIMPLE scheme, and then the numerical results were taken as input for the transient state solution with the pollutant dispersion simulation by using the mass transport equation.
Two-Dimensional Street Canyon Experiment.
The first wind-tunnel experimental dataset used for open validation was got from the wind-tunnel study by Meroney et al. [9] and Rafailidis [27] , which was well documented and available on the Internet: http://www2.dmu.dk/atmosphericenvironment/trapos/cfd-wg.htm. It consisted of six buildings and five parallel street canyons, in a two-dimensional experimental setup at a scale of 1 : 500. The buildings were square, whose width and height were both 60 mm. The wind was perpendicular to the axis of the street, and the line source of tracer was placed on the ground level in the third downstream canyon, where the zone for validation was. The measurements were got from specific points on the walls and roof of the third downstream canyon, which were indicated in Figure 1(d) .
Since the wind-tunnel experiment was performed with a scale model, the computational domain was also scaled down to match, which was 600 mm × 480 mm for thedirection and -direction with a finer grid spacing (2 mm) for the third street canyon. The concentration measurements of the wind-tunnel experiment were given in a normalized form as follows: with the normalized concentration, the measured concentration, the refer velocity (5 m/s), the building height, the source length (the -direction computational dimension), and the source strength.
The concentration distributions and velocity streamline patterns of different turbulence models are given in Figure 1 . The streamline patterns are all almost the same; that is, a clockwise vortex is formed right in the center of the street canyon, which drives the tracers to concentrate on the leeward side of the upstream building; and some significant differences of concentration distributions could be found, which are caused by the different mass diffusion coefficients calculated by the different parameterized schemes of the turbulent kinetic energy (k) and dissipate rate ( ) of the turbulence models. It is found that the tracers are well mixed when employing the standard k-model, with the highest concentration in the central vortex of the street canyon (Figure 1(a) ), while the realizable k-model tends to drive the tracers to transport along the walls and floor, whose central part's concentration is the lowest (Figure 1(c) ), and the simulation of RNG k-model seems to be the transition state of the other two models (Figure 1(b) ).
In order to better understand the performances of the three turbulence models, the measured and simulated concentrations along the sampling route (Figure 1(d) ) are demonstrated in Figure 2 . It is found that all the k-models overestimate the concentrations on the leeward side of the upstream building, and the concentrations on the windward side seem more consistent with the measurements. Among these three turbulence models, the standard k-model is the most accurate one in this two-dimensional experiment. × Length), which were at a scale of 1 : 150 to the actual street canyon, and the distance between the two parallel buildings was 0.12 m. In the following parts of this paper, the width refers to the width of buildings without special pointing out. Four tracer gas emitting line sources were embedded at street surface level for simulating the release of traffic exhausts [28, 29] . Sulfur hexafluoride (SF 6 ) was used as tracer gas, and concentrations were measured at the two canyon walls, normalized by the following equation:
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where is the measured concentration, is building height, is the flow velocity at height in the undisturbed approaching flow, and is emission rate of line source. The measurements of normalized concentrations of this three-dimensional wind-tunnel experiment are available on the Internet; details could be found at http://www.ifh.unikarlsruhe.de/science/aerodyn/CODASC.htm.
The three-dimensional numerical experiment used to evaluate OpenFOAM was setup as closely as the actual windtunnel experiment-the cross-sectional dimensions of the computational domain were set equal to the dimensions of the wind tunnel, that is, 1 m high and 2 m wide. According to the best practice guidelines of COST Action 732 [30] , the upstream distance from the inlet plane to the building was set to 8 , and the downstream distance from the outflow plane to the building was set to 15 .
The computational domain was built by using the hexahedral elements, and a finer resolution was set to the region close to the street canyon, indicated by the red box in Figure 3 , Advances in Meteorology where the distances from the street canyon were smaller than 2 at the three-dimensional directions. The smaller dimensions of -direction, -direction, and -direction were 1/24 , 1/10 , and 1/24 , respectively, and the coarser resolution of the computational domain was all set to 1/3 at the three-dimensional directions.
And the initial inlet wind speed, turbulent kinetic energy, and dissipation rate were all set based on the measurements of wind-tunnel experiments. The Reynolds number of the main flow in the wind-tunnel experiment is 50,000, so as to the replicated numerical experiment. According to the study of Gromke et al. [28] , the Schmidt number was set to 0.3 for this wind-tunnel experiment.
Since only the measurements of the normalized concentration of the wind-tunnel experiment are available on the Internet, the three turbulence models are validated against the observed concentration fields. The comparisons of simulated and measured normalized concentrations are given in Figures 4 and 5 . Figure 4 shows the normalized concentrations on the leeward wall ( = −0.5 ) of the street canyon under the perpendicular approaching flow; the simulations are similar to the two-dimensional case, which are overrated by all the three k-models, and the simulations of the standard kmodel are the most close to the measurements. On the windward side of the street canyon, the distributions of simulated concentration seem to be more in agreement with the measurements ( Figure 5 ). To better understand the performances of OpenFOAM, three validation metrics are selected to quantify the degree of correlation between experimental data and OpenFOAM simulation of the three-dimensional experiment, which are the fractional bias (FB), the root normalized mean square error (RNMSE), and the Pearson correlation coefficient ( ).
The FB is expressed as follows:
where the subscripts and refer to observations and simulations. A negative FB illustrates that the observations are lower than the simulations.
The RNMSE is the square root of the normalized mean square error (NMSE) as follows:
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The is a measure of the correlation between simulations and observations, which is expressed by the following:
where 3 o and 3 are the standard deviations on observed and simulated mean normalized concentrations.
To check whether the model performance is acceptable or not, some studies [29] gave the following limit values for the metrics mentioned above: −0.3 < FB < 0.3, NMSE < 1.5, and > 0.8. The results of these validation metrics are summarized in Table 1 .
It is found that all the values of validation metrics fall inside the accepted range. Specifically, FB reveals small overestimation of simulations, which is consistent with the interpretation of Figure 4 . Among these three turbulence models, the standard k-model has the smallest absolute value of FB and RNMSE and the largest correlation coefficient ( = 0.912), which is the most accurate turbulence model for this numerical experiment.
From this preliminary validation, it is concluded that when the wind was perpendicular to the axis of the street, the k-models seemed to overrate the concentration on the leeward side of street canyon (Figures 2 and 4) . Despite this discrepancy, the wind flow pattern and concentration distribution within the street canyon were reasonable simulated by the OpenFOAM by using these turbulence models, and the standard k-model was the most accurate, which would be used to study the flow and dispersion patterns within different configurations of street canyon.
Numerical Experimental Setup of Different Configurations
Three different kinds of street canyon configuration under the perpendicular approaching flow were considered in this study, which were summarized in Table 2 . In Experiment 1, three different values of width were set to examine the effect of the width on the dispersion of pollutant within the street canyon. And Experiment 2 focused on the effect of the height of buildings. Finally, two kinds of asymmetrical street canyon were designed in Experiment 3. While varying a particular parameter (width or height), all other dependent parameters are kept constant.
It is noted that all Part B of the three numerical experiments (Table 2) is the same three-dimensional experiment used for the model validation under the perpendicular approaching flow mentioned above, and all the computational domains of other experiments are set similar to the three-dimensional case (Figure 3) , namely, finer resolution close to the street canyon; the upstream and downstream distances are 8 , 15 , and so forth. And the setup of pollutant sources is also identical to the three-dimensional validation case. Table 2 , the street canyons formed by buildings with three different widths (0.5 , 1 , and 2 ) are examined here. The streamlines of horizontal section at different heights are given in Figure 6 , where the u component of wind vector opposite to the inlet flow is indicated by the blue shade. It is noted that when the free stream impacts against a building perpendicularly, the stream would diverge into two substreams in front of the buildings and flow across the building. At the lower level ( = 0.1 ) horizontal plane, two lateral vortexes are formed at the lateral (shorter) side of the upstream building. It is interesting that the distances from the center of lateral vortexes to the windward side of the upstream buildings along the -direction are nearly constant among these three cases (Figures 6(a)-6(c) ), which is about 0.8 . Therefore, as the width increases, the relative positions of the lateral vortexes shift from the corner of the upstream buildings to the middle along the lateral sides. And the flow pattern within the street canyon is driven by the lateral vortexes, so the flow pattern is different as the width increases. When the width = 0.5 , the substreams driven by the lateral vortexes would impact against the leeward side of the upstream buildings and produce two stagnation points located at = −0.5 and = ±2.4 ( Figure 6(a) ); when the width increases to 1 , the positions of the stagnation points are more close to the middle of the street canyon ( Figure 6(b) ), which are = −0.5 and = ±1.5 ; however, when the width = 2 , it is another flow pattern formed within the street canyon: two substreams converge together in the middle of street canyon and flow toward the downstream building ( Figure 6(c) ). At the height of 0.5 ( Figures 6(d)-6(f) ), some vortexes are formed inside the street canyon, whose locations are consistent with the positions of stagnation points or convergent zones on the lower level ( = 0.1 ).
Results and Discussion

Effect of the Width of Buildings. As listed in
From the flow patterns given in Figure 6 , it is obvious that with the increasing of width, the stagnation points of the substreams move more close to the middle of the leeward side of the upstream building; when the stagnation points are close enough, the substreams would coverage together in the middle of the street canyon. And the distributions of pollutant concentration are consistent with these flow patterns; as the width increases, the pollutants concentrate more in the middle of street canyon along the leeward side of upstream building (Figure 7) . It is found that the 2 width street canyon is the most polluted configuration under the perpendicular approaching flow.
The vertical distributions of flow field and pollutant concentration are given in Figure 8 . The patterns of flow and pollutants of the 0.5 width configuration are similar to the patterns of 1 width street canyon; both have a clockwise vortex right in the middle of the street canyon no matter where the vertical section is made ( = 0 , = 1.5 , and = 2.5 ), and the vortex could drive the pollutants transport along the leeward side of the upstream building. For the 2 with street canyon, there is no vortex formed in the vertical plane of = 0 , and the pollutants are trapped near the ground with higher concentrations than the other cases. When the vertical section moves a little laterally ( = 1.5 or 2.5 ), a weaker vortex could be found near the downstream building. The flow field of 2 width configuration is not conducive to the diffusion of pollutant released from the ground.
In short, it is found that the change of width of building alters the flow fields and pollution within the street canyon significantly; the longer the width, the heavier the pollution would happen within the street canyon at the pedestrian level.
Effect of the Height of Buildings.
The symmetric street canyon with three different heights (0.5 , 1 , and 2 ) is studied in this study, whose horizontal flow fields are showed in Figure 9 . It is found that the variation of height of buildings would dramatically change the flow patterns in the street canyons.
First of all, the strength and positions of the lateral vortexes are different, corresponding to different building height. When the height = 0.5 , the lateral vortexes are too weak to be found at the horizontal planes (Figures 9(a) and  9(d) ). While the lateral vortexes of the tallest configuration (height = 2 ) are so strong that the lateral sides of the whole canyon street (including both the upstream and downstream buildings) are under their controls (Figures 9(c) and 9(f) ).
It is found that the taller street canyon is accompanied with stronger lateral vortexes at the lower height, whose positions are more close to the downstream building.
Secondly, the flow patterns inside the street canyons are also different. At the lower level ( = 0.1 ) of 0.5 height street canyon, the substreams could flow across the upstream building and impact against the leeward side of the upstream building (Figure 9 (a)), with only one common stagnation point located at the middle of leeward wall ( = −0.5 and = 0 ). In contrast, there are two stagnation points located at the leeward side of the 1 height upstream building as described in the previous section. However, corresponding to the difference of the lateral vortexes, the flow pattern of the 2 height configuration is also dramatically different from the others: a strong convergent zone throughout the street canyon with positive u wind component is formed in the center of street canyon.
In addition, at the height of 0.35 , the flow patterns of the two taller configurations are both consistent with the wind fields at the lower level ( = 0.1 ); while the patterns of 0.5 height street canyon are totally different from the lower parts' . It is because the height 0.35 is close to the roof level of the 0.5 height street canyon; hence the air flows within the street canyon are affected by the free stream above the roof level, which are toward the downstream building ( Figure 9(d) ).
Under these flow fields, the distributions of pollutant are also quite different (Figure 10 ). The extreme high concentration pattern is found within the tallest street canyon, with the peak value located at the windward side of downstream building (Figures 10(c) and 10(f) ), which is quite different to other cases. This phenomenon can be explained by the wind fields illustrated in Figures 9 and 11 -the buildings are so tall that vortex in the vertical section is detached from the ground, and the convergent zone in the horizontal plane drives the pollutant to accumulate at the street canyon's center and the windward side of the downstream building. However, in the other two shorter street canyons (0.5 and 1 ), the peak values of concentration are both located at the leeward side of upstream building: one is located right in the middle of leeward side of the upstream building ( Figures  10(a) and 10(d) ), while the other splits into two centers located at the positions of = −0.4 and = ±1.5 at the horizontal plane (Figures 10(b) and 10(e) ). And the vertical flow patterns of these two cases are similar-a clockwise rotated vortex occupies the whole street canyon (Figures 10(a)-10(b) and Figures 11(e)-11(f) ).
After comparing the flow and dispersion patterns, it is obvious that, with the increasing of the height of street canyon, the air quality within the street canyon deteriorates.
Effect of the Step-Up and
Step-Down Configurations. The configurations described and discussed above are all symmetric; in this part, the effect of the asymmetric configurations would be examined.
The vertical patterns of concentration and streamlines are demonstrated in Figure 12 , and the corresponding wind speeds are given in Figure 13 . In comparison with the symmetric street canyon (Figures 12(b) and 13(b) ), the heightened height of downstream building would strengthen the vertical vortex within the step-up street canyon (Figures 12(a) and  13(a) ). This phenomenon is caused by the blockage of flow in front of the higher downstream building, which enhances the strength of the downdraft flow near the windward side of downstream building (Figures 13(a) and 13(d) ), and then the lower parts of the street canyon are occupied by the divergent flows of the strong downdraft flow (Figures 14(a) and 14(d) ). Under these divergent flow fields, it is effective to dilute and remove the pollutants within the street canyon (Figures 15(a)  and 15(d)) .
And for the case of the step-down configuration, as the upstream building heightens, a large recirculating clockwise vortex is formed at the leeward region of upstream building and drives a counterclockwise vortex formed in the vertical plane of the street canyon (Figures 12(c) and 12(f) ). The same as the step-up configuration, the lower part of the step-down street canyon is also occupied by the divergent flows ( Figures  14(c) and 14(f) ), but in the opposite direction; and it is also good for the pollutants transport outside the street canyon under these flow fields.
In general, in comparison with the symmetric case (Figures 12(b) and 15(b) ), although one of the buildings is taller either in the step-up or the step-down configuration, the air quality of the asymmetric cases is better, even better than the 0.5 height symmetric street canyon case (Figures 11(a)  and 11(d) ). It is found that the nonuniform configurations provide better ventilation.
Conclusions
In this study, we first validated OpenFOAM against two independent wind-tunnel experiments with the perpendicular approaching flow, and the results showed that all the k-models (the standard k-model, RNG k-model, and realizable k-model) seemed to overrate the concentration on the leeward side of street canyon (Figures 2 and 4) . Despite this discrepancy, the concentration distributions within the street canyon were reasonably simulated by the OpenFOAM in comparison with the measurements, and the standard kmodel was most accurate.
And, then, the patterns of flow and dispersion within three different kinds of street canyon configuration under the perpendicular approaching flow were studied to find out the urban-planning strategies to ease the air pollution inside the street canyon.
It is found that the width and height of building can dramatically affect the pollution level inside the street canyon. As the width or height of building increases, the pollution level increases.
Since the lower parts of the asymmetric configuration (step-up or step-down street canyon) are occupied by divergent flow fields, the nonuniform street canyon could provide better ventilation.
Finally, it should be pointed out that it is not always a perpendicular flow which dominates the actual built-up area. Therefore, the work reported here is not suitable for a particular area. More specific studies are needed to find out the urban-planning strategies to ease the air pollution for a particular area. However, even at this stage of the research, it is recommended to design a street canyon with nonuniform configurations. And for numerical study of flow and dispersion within built-up areas, the OpenFOAM can be used as a reliable tool.
